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Electronic structure of the 3x3 ordered-phase of a silicon (Si) layer on Al(111) has been studied
by angle resolved photoemission spectroscopy (ARPES) technique using synchrotron radiation and
modeled by a trial atomic model. A closed Fermi surface originating from liniarly dispersing band
is identified. A band structure calculation of a trial atomic model of the honeycomb silicene on
Al(111) implies that the metallic band originates from the Al-Si hybrid state that has the Dirac
cone-like dispersion curves. The Si layer on Al(111) can be a model system of Xene to realize the
massless electronic system through the overlayer-substrate interaction.
I. INTRODUCTION
Elemental atomic layers have attracted academic in-
terest in their fundamental physics and they have also
found significance in technological applications such as
next generation devices[1]. A well-known example is
the two-dimensional (2D) honeycomb lattice of carbon,
graphene[2]. In group-IV element, there have been also
reports on silicene (Si), germanene (Ge) and stanene
(Sn)[3–10]. These monatomic layers, termed Xenes, have
been widely studied because they host Dirac cones at
the K (K’) points of the Brillouin zone (BZ), which en-
ables exotic quantum devices[3]. However, the existence
of such Dirac bands in silicene has been controversial be-
cause the layers have been grown on crystal surfaces and
the significance of the contribution of the external sub-
strate effect has been debated by researchers[11–16]. Us-
ing angle-resolved photoemission spectroscopy (ARPES),
Dirac cones of the silicene layer on Ag(111) were observed
along zone-boundaries in the surface BZ of Ag(111), not
at the K (K’) points of the silicene BZ[11, 14–16]. The
electronic structure is described theoretically in terms of
the superstructure-induced splitting of Dirac cones by
the substrate-overlayer interaction[14]. This result re-
veals the nature of heterojunctions at the electric con-
tacts between silicene and electrode in, for example, a
transistor[17] and also paves the ways for manipulating
silicene’s electronic properties in the external environ-
ment.
Silicon deposition has been achieved on other metal
substrates[4, 6, 11–14, 18] and a 3x3-ordered phase is
formed on Al(111)[19–21]. The surface has been known
to consist of a silicon overlayer and, thus, it is of interest
to investigate the surface electronic structure.
In the present research, we studied the electronic states
of a silicon layer on Al(111) that forms 3x3 surface peri-
odicity by ARPES using synchrotron radiation. Elec-
tronic bands of the overlayer are identified through a
comparison with those of the clean Al(111) surface[22].
Our results show, the overlayer is metallic and the metal-
lic band has linear dispersion curves. Band calcula-
tion, based on density functional theory (DFT), is con-
ducted on a trial atomic model of the honeycomb sil-
icene on Al(111). Similarities between the theoretical
and experimental band dispersions indicate that the elec-
tronic states of the silicon layer are likely originating
from the Al-Si hybridization, which indicates indispens-
able substrate-overlayer interaction.
II. EXPERIMENTAL
A clean Al(111) surface was obtained by cycles of Ar+
sputtering and annealing, followed by confirmation of
crystallinity by observing a low-energy electron diffrac-
tion (LEED) pattern and of cleanliness by measuring X-
ray photoemission spectroscopy (XPS). Subsequently, Si
was deposited on Al(111) at 350 K, which showed the
3x3 LEED pattern (Fig. 1(a)). A schematic drawing of
the 1x1 surface Brillouin Zone (SBZ) and 3x3 SBZ’s is
depicted in Fig. 1(b). From the XPS measurement of Al
2p and Si 2p core levels, silicon coverage of the surface
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2FIG. 1: (a) A LEED pattern at electron energy of 88.2
eV of 3x3-Si/Al(111). Red circle indicates one of the Al-
1x1 LEED spot. (b) A schematic diagram of surface Bril-
louin zone (SBZ). The blue and green hexagons correspond
to the Al(111)-1x1 and Al-3x3 SBZ’s, respectively. (c) Fermi
surface map of 3x3-Si/Al(111) taken at hν = 45 eV and
at 20 K. (d) Fermi surface map of 3x3-Si/Al(111) taken at
hν = 47 eV and at 20 K. The overall mapping is obtained
by the symmetric folding of the region surrounded by black
broken curves. Fermi surfaces of the clean Al(111) substrate
is traced with white broken curves. SSAl and bAl correspond
to the Fermi surface originating from surface-resonant/state
and bulk bands of Al(111). The red square region is focused
in Fig. 3(a).
overlayer is evaluated about 0.4 ML, which is consistent
with previous reports on the 3x3-Si ordered phase on
Al(111)[21].
ARPES measurements of the 3x3-Si/Al(111) and
clean Al(111) surfaces were performed at the VUV-
Photoemission beamline (Elettra, Trieste) and at BL-
2A (Photon Factory, Japan). The photoemission data
were collected using multichannel detection (polar angle)
combined with sample rotations (azimuthal or tilt angle)
and converted into energy (E)-momentum space (kx,ky),
where E is the kinetic energy and kx,ky are the in-plane
components of the wavenumber (wavevector) parallel to
the surface.
First-principles calculations were performed using the
projected augmented wave method (PAW) [23, 24] as
implemented in the Vienna Ab initio Simulation Pack-
age [25–28] based on density functional theory with the
Perdew-Burke-Ernzerhof (PBE) type of generalized gra-
dient approximation (GGA). The 12x12x1 Monkhorst-
Pack k mesh and a cutoff energy of 300 eV are used in
the self-consistent field calculations. The geometries of
all the systems are optimized with the total energies con-
verged within 10−4 eV. To study the substrate effect in
the Si/Al(111) systems, we adopted a trial honeycomb
model by geometrically optimizing a 2x2-honeycomb sil-
icene lattice on top of a 7-layer Al(111) 3x3 substrate.
As a result of optimization, honeycomb lattice is slightly
distorted. The supercell lattice constant is 8.59 A˚ and
interlayer distance is 2.25 A˚ between the silicene layer
and the top Al layer. Bond lengths of the two Si-Si bond
in the optimized structure are 2.473 A˚ and 2.476 A˚. To
compare with the experiment Fermi surface, we unfold
the band structures of the Silicene 2x2/Al(111) 3x3 su-
percell Brillouin zone (BZ) to the BZ of the Al(111) 1x1
unit cell by using the BANDUP package[33]. The Fermi
surfaces are derived by tiling the zero energy contour of
the unfolded band structure.
III. RESULTS AND DISCUSSION
Figure 1(d) displays the photoemission map at the
Fermi level (EF) of the 3x3-Si layer on Al(111) with the
1x1 SBZ and symbols of the symmetry points. The inten-
sities of the contours are modulated to give only a three-
fold symmetry due to the matrix element that is sensitive
the local bonding configuration in the material[34, 35].
Fermi contours of Al bulk bands, bAl, and a surface-
resonant/state band, SSAl, of Al(111) surface are ob-
served, as previously by ARPES[22]. The clear appear-
ance of these states indicates that the Al surface reso-
nance/state is likely survived after the Si deposition. It
leaves a possibility that the Al(111) surface state, gener-
ated in the inverted bulk band-gap, is topologically pro-
tected as in cases of the noble metal surface-state[29].
In Fig. 1(d), the intensity distributions, except from bAl
and SSAl, likely originate from the 3x3-Si/Al(111) system
because they are not produced by 3x3 umklapp scattering
3FIG. 2: Band dispersion plots of (a,c) clean Al(111) and (b,d)
3x3-Si/Al(111) along (a,b) Γ-M ′1x1 and (c,d)Γ-K1x1 direc-
tions taken at hν = 50 eV and at room temperature. White
lines are schematic drawings of the observed band dispersion
curves.
in either the bAl or SSAl bands. Figure 2 shows energy-
wavenumber diagrams along symmetry axes of the Γ-
M ′1x1 and Γ-K1x1 directions, which is used to trace the
dispersion curves of the observed features. Two types of
bands other than bAl and SSAl can be identified, those
disperse from the Γ point with small (X1) and large
(X2, X
′
2) effective mass. The X”2 and X”
′
2 bands, ob-
served at large wavenumbers, likely share curves with the
X2 (X
′
2) band.
Focusing on spectral features of the photoemission
Fermi surface around kx = 0.65 A˚
−1, as shown in the
red rectangle in Fig. 1 (d), the Fermi surface map is
revisited in Fig. 3 (a) with the dispersion plots at (b)
ky = 0 A˚
−1 and (c) kx = 0.65 A˚−1. The metallic X3
band with the linear dispersion and with its crossing
point of E-EF = −1 eV can be found at ky = 0 A˚−1
FIG. 3: (a) Fermi surface mapping of 3x3-Si/Al(111) near
M1x1 point taken at 20 K. Green hexagon represents Al(111)-
3x3 Brillouin zone. White markers are the positions of Fermi
wavevector of X3 determined from the peaks in the experi-
mental spectra. White broken line represents the estimated
Fermi surface contour made by the X3 band. (b, c) Band
dispersion plot along (b) ky = 0 A˚
−1 and (c) kx = 0.65 A˚−1.
Red markers are the positions of peaks in momentum distri-
bution curves. (d) Momentum distribution curves near k0 =
(0.65, 0). Curves shown in k − k0 < 0 are along ky = 0 A˚−1
and those in k − k0 > 0 are along kx = 0.65 A˚−1. Momen-
tum distribution curves are taken for each 0.05 eV slices from
E-EF = 0 eV to -1.2 eV. All the error bars correspond to
±0.03 A˚−1.
and kx = 0.65 A˚
−1. Possible Fermi surfaces of 3x3-
Si/Al(111) are schematically traced in Fig. 3(a), indicat-
ing existence of a closed Fermi surface for the X3 band.
As shown in Fig. 4, there is another band found at
the Γ point. That dispersion has uncertainty due to its
shoulder structure positioned at 0.03 A˚−1 near to Γ point.
In momentum dispersion curves (Fig. 4(b)), the peak
positions corresponding to this dispersion are near to the
position where SSAl could be scattered by the G vector
of Al(111)-3x3 SBZ. In addition, both the dispersion and
SSAl show similar band velocity around 10
6 m/s. From
these similarities, the newly observed band is difficult to
be distinguished from the 3x3-Umlapp replica of SSAl.
To investigate possible origins of electronic states of
3x3-Si/Al(111), we conducted band calculation on a trial
atomic model of the honeycomb Si lattice, a silicene layer,
on Al(111). The model structure is illustrated in Fig.
5(a). Figure 5 (b) shows the dispersion plots with weights
of Si atomic orbitals. At binding energies around -2 eV,
dispersion curves of light and heavy effective mass can
be identified from Γ, as X1 and X2(X
′
2) in Fig. 2. The
agreements between experiments and calculation results
4FIG. 4: (a) kx, ky band-dispersion plots of 3x3-Si/Al(111)
at the Γ point taken at hν = 47 eV. White markers rep-
resent positions of the peaks in experimental spectra. (b)
Momentum distribution curves near Γ point. Curves shown
in k < 0 are along ky = 0 A˚
−1 and those in k > 0 are along
kx = 0 A˚
−1. Momentum distribution curves are taken for
each 0.05 eV slices from E-EF = 0 eV to -1.2 eV. Black tri-
angle markers represent the positions where Umklapp replica
of SSAl would appear. All the wide and narrow error bars
correspond to 0.06 A˚
−1
and 0.03 A˚
−1
, respectively.
imply that the atomic structure may be related to the
honeycomb Si lattice and the observed bands originate
from 3px and 3py orbitals.
Moving onto electronic states near EF in Fig. 5 (b),
states with Si 3pz-character can be found and they are
examined in terms of the external effect[14, 30–32]. The
band dispersion curves are complicated because of the
Si-Al hybridizations and they have the Dirac-cone-like
behavior between the symmetry points (Γ, M). This con-
tradicts a case of the a free-standing silicene layer that
has Dirac-cones at the K points. However, our calculated
electronic structure is similar to the shape of X3 band,
which indicates that the state likely originates from the
overlayer-substrate interaction. Observations of such hy-
brid states have been reported on borophene/Ag(111)[30]
and silicene/Ag(111)[14]. Electronic states with pz or-
bitals in the overlayer are greatly influenced by a sub-
strate as compared with those of px and py. This is
naturally understood that the pz states point to the
substrate[14, 30, 32]. Notably Feng et al reported, in
the tight-binding regime, that a pair of Dirac-cones in
silicene/Ag(111) results from the environmental pertur-
bation to a silicene layer[14].
Furthermore, calculated electronic structure in Fig.
FIG. 5: (a) Schematic drawing of the unit cell of the silicon
monolayer with no buckling used in the DFT calculation. (b)
Calculated band structure of the silicon layer on an Al(111)
substrate. Al(111) slab has six layers. Characters on the
bottom axis correspond to the high symmetry points of the
Al(111)-3x3 supercell Brillouin zone. The contributions from
Si-3s, 3px,y, and 3pz orbitals are indicated by the size of red,
green, and blue dots, respectively. A black arrow indicates
the band structure compared to the experimental spectra in
Fig. 2.
5(b) shows metallic bands which is consistent with the
ARPES observation (Fig. 3). To examine in detail
the bands that contain Si orbitals, Figure 6(a) plots the
calculated Fermi surfaces with the Fermi wavenumber
points depicted by yellow dots, overlaid by the exper-
imental Fermi wavenumber points of the X3 band by
red dots. The contours of the theoretical Fermi surface
are generated by unfolding the bands calculated in the
5FIG. 6: (a) Fermi surface of the Si/Al(111) constructed by
unfolding the band structure of silicene-2x2/Al(111)-3x3 su-
percell SBZ to Al(111)-1x1 SBZ. Yellow dots show the Fermi
wavevector. Red markers represent the experimental Fermi
wavevector of X3. The overall mapping is obtained by the
symmetric folding of the region surrounded by white broken
curves. (b) Calculated Fermi surface near Γ point. Green
dashed lines represent the Umklapp replicas of SSAl band
in Fig. 1. (c) Calculated Fermi surface near M1x1 point.
Red markers represent the experimental Fermi wavevector of
X3. Red dashed line represents the estimated Fermi surface.
Green dashed lines represent the Umklapp replicas of SSAl
band in Fig. 1. All the error bars correspond to ±0.03 A˚−1.
silicene-2x2/Al(111)-3x3 supercell SBZ to the Al(111)-
1x1 SBZ and by tiling the triangular region surrounded
by white broken lines in Fig. 6(a). One can find in the
figure a fairly good matching between the calculation and
the experiment, indicating that the X3 band may orig-
inate from the Si honeycomb layer on Al(111). Figures
6 (b) and (c) compare the calculated and experimental
contours with those of AlSS bands and the replicas in
different SBZ. As shown in Fig. 6(c), the Fermi surface
of the X3 band is clearly distinguished, while there are
almost complete overlaps between the calculated and the
Umklapp-scattered bands in the center SBZ (Fig. 6(b)).
This again indicates the difficulty in experimentally ex-
tracting electronic states of an overlayer on Al(111).
There are fairly good agreement of the metallic band
X3 between experiment and calculation. However, dis-
persion curves of the other bands are quantitatively dif-
ferent from each other. For example, a degenerate band
of X1 and X2 at the Γ point is energetically located at
-1.5 eV in Fig. 2, while the counterpart in calculation
can be found at -2.3 eV in Fig. 5. The Si overlayer
on Al(111) has basically the honeycomb structure but
the model may require modifications such as structural
deformation or addition of Si adatoms. A proper under-
standing of the electronic states requires band calcula-
tion which accounts the appropriate structure model as
obtained by diffraction methods[7, 10].
IV. CONCLUSION
We studied the electronic structure of the 3x3 ordered-
phase of Si on Al(111) by ARPES using synchrotron ra-
diation and band calculation based on DFT. Electronic
states of the Si overlayer are experimentally identified. A
closed Fermi surfaces showing linear dispersing bands like
Dirac cone is observed. By comparing the ARPES spec-
tra with the calculation result of the honeycomb silicene
on Al(111), we determined that these electronic bands
originate from the Al-Si hybrid states that may be un-
derstood in terms of the substrate perturbation of Dirac
cones of a silicene, as reported previously[14].
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